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ABSTRACT
Intern Experience with William F. Guyton 
& Associates (December 1980)
William Scott Stevens, B.E.S., Texas A&M University;
M.E., Texas A&M University
Chairman of Advisory Committee: Dr. Donald L. Reddell
This report is a review of the author's experience as an intern 
with William F. Guyton & Associates. William F. Guyton & Associates 
is a consulting groundwater hydrology firm with offices in Austin and 
Houston, Texas. The intern worked at the main office in Austin for 
the duration of the internship.
The author worked on a variety of projects during the intern­
ship. These projects encompassed general groundwater studies, computer 
simulation, technical analyses of aquifer parameters, and inspection 
of water well construction and testing.
General groundwater studies involved the collection of water 
well construction and chemical analyses data. The author wrote 
several computer codes to handle basic computations, and the author 
used several existing finite difference codes to simulate groundwater 
movement. The technical analyses of pumping test data were analyzed 
by the author to determine aquifer parameters. The field work 
involved on-site inspection of water well construction and involved
quality control of the pumping test after construction.
The author interacted with various agencies of the state and 
federal government. This interaction was necessary to many of the 
projects. The collection of water well data and the use of the finite 
difference codes gave the author the opportunity to obtain knowledge 
of the daily operations of these agencies.
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1INTRODUCTION
The required internship is an integral aspect of the Doctor 
of Engineering program. The main goal of the internship .is to provide 
an insight into all phases of an engineering project. Thus, an aware­
ness of the organizational approach to the problem is made as well 
as the technical design or analysis (Unpublished Guidelines for 
Industry Participation in the Doctor of Engineering Internship,
College of Engineering, Texas A&M University, September 1976).
In an effort to fulfill the goals of the Doctor of Engineering 
internship, the following objectives were established to provide 
direction for this internship:
LONG TERM OBJECTIVES
1. To obtain a thorough and in-depth knowledge of 
the fundamentals of groundwater hydrology.
2. To become an engineer with confidence in my 
abilities to complete an engineering assignment.
SHORT TERM OBJECTIVES
1. To be involved in the design and construction 
of a connector well field and observation 
system from the early concept to evaluation of 
the system and the writing of the final report.
2. To obtain a knowledge of geology, well construction 
and field evaluations with as much field exposure 
as possible.
23. To provide assistance in groundwater systems 
modeling and computer analysis of these models.
William F. Guyton & Associates, hereinafter known as the firm, 
is a consulting engineering firm specializing in groundwater hydrology. 
The technical staff consists of engineers and geologists using an 
interdisciplinary approach for each project. The hierarchial structure 
of the firm is informal with leadership on all projects provided by 
the senior staff. This informal hierarchial structure, illustrated 
in Figure 1, shows the ease of both upward and downward communication 
allowing any of the junior consultants to have rather easy access to 
any of the senior associates or the principal.
I was involved in numerous projects during the internship all 
under the direction of a senior associate or the principal. The pro­
ject and the project supervisor are shown in Table 1 for all of my 
projects. Each project is discussed in detail later in this report.
The majority of the technical aspects of this internship involved 
the computer analysis of groundwater systems. I was also involved in 
several administrative tasks. Generally, I maintained the records 
for the computer tapes and files that were necessary by the firm for 
future documentation. I was also responsible for contacting personnel 
of the various state and federal agencies that provided information 
for my projects. Overall, I was responsible for the effective use 
of all resources required for the completion of the project.
Organizational Chart for William F. Guyton & Associates
Figure 1
4Table 1
Internship Projects and Supervisors
Project Supervi sor
Baseline Water Quality and 
Groundwater Hydrology Study
Field Work
Leach Mine Gradients
Refinement of Existing 
Computer Code Utilizing 
the Nonequilibrium Equation
Well Field Drawdown Analysis 
Using the Nonequilibrium Computer 
Code
Pumping Test Analysis
Three-Dimensional Groundwater 
Modeling
Dr. W.L. Guyton, P.E. 
Intern Supervisor
R.A. Scalapino
M.L. Klug, P.E.
Dr. W.L. Guyton, P.E.
W.F. Guyton, P.E.
Dr. W.L. Guyton, P.E, 
Dr. W.L. Guyton, P.E,
Salt Water/Fresh Water 
Interface Model
Dr. W.L. Guyton, P.E
5BASELINE WATER QUALITY AND GROUNDWATER HYDROLOGY STUDY
A study was conducted by the firm to determine generalized 
groundwater movement and baseline water quality beneath an industrial 
plant site. The study involved several aspects of engineering and 
geology including a field geological survey, water well data collec­
tion, and data interpretation.
As a first project, I was responsible for gathering data per­
taining to all water wells within a two mile radius of the client's 
property. The data included information on the size, depth, screened 
or open interval and static water level of each well. Pertinent infor­
mation on chemical quality and on the types of logs, such as drillers' 
and electric logs of the wells, was obtained.
In order to obtain the aforementioned data, interaction with 
two state agencies was required. These agencies were the Texas 
Department of Water Resources (TDWR) and the Texas Department of 
Health (TDH). The TDWR collects as much information as possible on 
production water wells from all the licensed water well drillers in 
the state. The TDWR personnel locate the well in the field assigning 
each a permanent state well number. I was responsible for locating 
and recording all available information on each well in the study area 
from these records at the TDWR.
The TDH requires water samples to be taken from most public 
water supply systems and sent to their laboratory for analysis. A 
large amount of water for public supply is derived from groundwater;
6thus, the TDH was a source for obtaining information on the chemical 
quality of water from wells.
The records of chemical analysis at the TDH are filed by owner 
for each county. For this study, the records for two counties covering 
the area of concern were collected. Complete chemical analyses show­
ing major and minor constituents, organics, and radioactive properties 
were desired. However, no wells in or near the area had been analyzed 
to this degree, so as much information as possible was collected.
Because the TDH filed the chemical analysis by owner, the 
additional problem of correlating these data with the TDWR data was 
encountered. After several searches through the data files of both 
agencies, several of the owners were contacted to obtain information 
on the location and construction of the water well for which only a 
chemical analysis from the TDH existed.
After exhausting the sources of information, the raw data were 
compiled and analyzed. The water well information was separated to 
reflect the water-bearing zone of well completion. From these data 
Table 2 was prepared describing each well, and Table 3 was prepared 
showing the chemical analyses.
Static water levels and certain major constituents of the 
chemical analyses for each aquifer were contoured as an aid in under­
standing the water quality conditions of the area at the present time. 
For selected wells in the area, hydrographs were plotted to illustrate 
the long-term trend of the water levels in the aquifers, as shown in 
Figure 2.
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FIELD WORK
A thorough knowledge of the techniques of water well construction 
and testing obtained from first-hand field experience is essential 
for good groundwater engineering. The primary objective of this intern­
ship was to gain exposure to as much field experience as possible.
The field work involved inspection, monitoring, and testing produc­
tion capability during water well construction and also conducting 
a water well inventory.
Water well construction involves many varied aspects.. The 
phases of water well construction studied during the internship were 
sampling drill cuttings, geophysical logging, materials setting, 
gravelling, and the final pumping test. During the course of the 
internship, I gained experience in all of these tasks related to water 
well construction. The following description of water well construc- 
ion, water well pumping test, and the field inventory is a general 
description of these projects that I completed.
The construction of a production water well began with the 
drilling of a pilot hole. The purpose of the pilot hole was two-fold. 
First, as the hole was drilled, drill cutting samples were collected 
and described in all sand sections of the hole in intervals of no more 
than ten feet. The size of the pilot hole, the viscosity and pumping 
rate of the drilling fluid, and the rate of drilling affect the time 
for the drill cuttings to reach the surface as well as the spatial 
distribution of the drill cuttings at the surface. Thus, by limiting 
the drilling in a sand formation to ten feet, a representative
1 2
sample of the formation can be collected. Samples from the other 
sections were observed and described but not collected. Secondly, 
after the pilot hole was drilled, an electric induction log was made 
in the pilot hole. Using the sample drill cuttings and the electric 
log, estimates of the locations of the sand sections in the hole were 
made. Also, the amount of sand determined using both of these tech­
niques may be estimated and used to predict if the well will meet 
specified production guarantees. The selection of the well screen 
was based on the particle size distribution from a sieve analysis 
of the drill cuttings and the length of the sand sections from the 
drillers' log and the electric log. The construction of a pilot hole 
is a key element in the decision process of the success or failure of 
a production gravel-walled water well. All decisions about the 
construction of the well were placed on the contractor. The firm 
would provide technical advice in the analysis of the well data to the 
contractor. Any deviations from the specifications contract had to 
be approved by the owner. Generally, the owner, the contractor, and 
the firm were three separate entities. Thus, the contractor assumed 
all financial risk in the success or failure and he gained or suffered 
financially because of the risk.
After the decision to construct the production well was made, 
the pilot hole was reamed to specified depth and surface casing was 
cemented into place. The surface casing provided protection from 
pollutants which could otherwise enter the well from the surface.
It also provided protection from undesirable groundwater zones which 
may be near the surface. The remainder of the pilot hole was then
13
drilled to the total depth. The screen and blank liner selected from 
the pilot hole phase were set in place. The blank liner provided 
protection from clays and fine-grained sand that a gravel pack could 
not restrict from entering the well. Finally, the gravel pack was 
pumped into the annul us between the screen or blank liner and the wall 
of the well. These last two activities were extremely important to 
ensure that the well was constructed properly and to provide the best 
well possible.
During the construction process, I was responsible for the 
accurate collection of the drill cutting samples; for determining 
the validity of the log based on prior knowledge from the drill cutting 
samples; for monitoring and recording data associated with the setting 
and cementing of the surface casing; for setting the screen and blank 
liner; and for gravelling the water well.
A final pumping test of the well was made before approval by 
the firm and acceptance by the client. Usually the pumping test con­
sisted of four three-hour steps, in which pumping was conducted at a 
constant rate for three hours with a three-hour recovery period 
following each pumping step. The recovery steps made analysis of the 
pumping test simpler and more accurate by eliminating the compounding 
of drawdown trends which occur when pumping steps are continuous.
In addition to the step tests, a forty-eight hour continuous test, 
followed by twenty-four hours of recovery measurements, was conducted 
to establish the long-term drawdown trend of the well. Water level 
measurements were taken during the twenty-four hour recovery period 
prior to the long continuous test. Generally, most of the drawdown
14
trend from the step tests had diminished and were not apparent during 
this recovery period.
Analysis of the pumping test data yields an indication of the 
present condition of the well. The pumping test provided insight 
into the production capabilities of the well. Since final acceptance 
of the well depended on the outcome of this test, accurate data 
collection and analysis were extremely important. From the results 
of both the step tests and the continuous test, transmissivities and 
specific capacities for the well were calculated. Specific capacity 
is a measure of the well's ability to produce a specified flowrate 
over a period of time with a certain drawdown.
Another important aspect of groundwater evaluation is the 
water well inventory. As previously described, water well data from 
various sources such as state agencies were collected. A water well 
inventory encompasses the physical location of the well in the field, 
and provides a check of the accuracy of the data for the well. In 
addition, information can be gathered on any wells for which no re­
cords existed which were missed during earlier data collection. Two 
procuedures were used to gain information on wells for the field 
inventory. The first was to physically travel over the study area 
and observing the location and condition of as many water wells as 
possible. Second, personal contact was made with local residents 
to gain their knowledge of water wells in the area.
Water well inventories are varied in nature. Some require 
detailed data on location, water level measurements, chemical 
analysis, and short-term pumping tests. However, other inventories
15
are made to confirm well locations and to gather water samples. The 
type of inventory was dependent on the clients' needs and on the amount 
and quality of information that was available in an area from historical 
records.
I was involved in one water well inventory covering three counties 
near the Texas Gulf Coast. The objective of the inventory was to 
verify the location of all large production wells previously recorded, 
collect water samples, and to locate and gather well information 
on large production wells not on record.
LEACH MINE GRADIENTS
In the southwestern United States, uranium mining has been 
undertaken by many companies. Energy related mining companies 
use various mining techniques, some of which involve the use of 
groundwater.
The firm became involved with one such energy related mining 
company. The client was beginning mining operations using deep 
vertical shaft mining, and was planning a pilot leach mine. The deep 
shaft mining involved dewatering a massive confined aquifer in the 
region. The pilot leach mine, chemical mining of uranium, was located 
within five miles of the dewatering wells for the deep shaft mine. 
Because of this close proximity of the leach mine to the dewatering 
sites the client was interested in the effects that a combination 
of three dewatering wells would have on the rate and direction of 
groundwater movement, and thus the movement of the leaching chemical.
The leaching material was to be injected at the pilot leach mine 
while four surrounding wells would remove the leaching material with 
the uranium in solution. Three existing dewatering sites from the deep 
shaft mine were selected to provide the driving force in order to 
observe the resultant groundwater movement. Prior to my internship, 
a computer code was developed to compute pumping rates at each de­
watering well. Constant drawdown was imposed at each well to dewater 
the deep shaft mine. The resulting pumping rates generated by the 
code were used to predict drawdown at four observation points 
surrounding the leach mine.
17
Using the drawdown observed from the four surrounding observation 
points as the driving force, a computer code was developed by me to 
compute the magnitude and the angle of the gradient of groundwater 
movement at the leach mine. The derivation of the gradient vector 
is given in Appendix III-1.
To determine the movement of the leaching chemical, it was 
necessary to know the direction of the gradient and the rate of the 
groundwater movement. The direction of the gradient was found by the 
fol lowing:
D = arctan (G^ / Gj ) ^  j
where,
G^ = magnitude of the gradient vector in
the i-direction, LL”^ ,
G- = magnitude of the gradient vector inJ
the j-direction, LL”^ ,
i and j = mutually prependicular coordinate
axes, and
D = angle of the gradient vector from the
horizontal axis.
The rate of the groundwater movement was found by using the 
following form of Darcy's Law:
= K G  
9
( 2 )
18
where,
G = gradient vector at the leach mine,
V = velocity vector of groundwater 
movement, LT”^ ,
9 = porosity of the aquifer, and 
K = hydraulic conductivity of the 
aquifer, L T ~ \
The rate and direction of groundwater movement at the leach mine 
are shown in Figure 3 for the assumed conditions.
3 0 -D A Y  MONTHS SINCE PUM PING  PROM PH ILL IPS '  MINE NO. I BEGINS
Effects at Leach Mine Due to Pumping Three 
Dewatering Wells 5 Miles from Leach Mine
Figure 3
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REFINEMENT OF EXISTING COMPUTER CODE UTILIZING
THE NON-EQUILIBRIUM EQUATION
The nonequilibrium equation developed by Theis (1935) was a 
major contribution in groundwater hydrology. It is used to calculate 
drawdowns in confined, nonleaky, homogeneous and isotropic aquifers 
with fully penetrating wells under constant discharge conditions.
The nonequilibrium equation has become an invaluable tool for 
evaluating the effects of pumpage on groundwater systems.
The Texas Water Development Board (consolidated into the TDWR) 
developed a computer code utilizing the nonequilibrium equation to 
compute drawdowns in a well field. The governing partial differential 
equation describing groundwater flow under the above conditions is:
62h + _L fih = _S _6h
fir2 r 6r T fit
(3)
where,
h = hydraulic head in the aquifer, L,
S = coefficient of storage, and
2 -1T = coefficient of transmissivity, L T .
The boundary conditions for Equation 3 are given as follows:
r-+0 fir 2ttT 
Where,
h ( »,t ) = hQ 
limit fiji = _Q
(3a)
(3b)
hQ = initial hydraulic head in the
21
aquifer, L.
The initial condition for Equation 3 is given as :
h ( r,o ) = hQ ........... (3c)
The solution of Equation 3 given by Theis (1935) is:
s = 5 _ (  .0.5772 - ^  £ n .) ........ (4)
where,
s = hQ - h = drawdown, L,
Q = well discharge, L^T”^ .
u = r2S
4Tt ............  (4a)
r = distance from pumped well to 
observation point, L,
S = coefficient of storage, and 
t = time, T.
Thus, Equation 4 represents the nonequilibrium equation.
The computer code was modified to read data, initialize arrays, 
assign the flowrate and length for each pumping period, and print 
results. The flowchart for the code is given in Appendix IV-1.
The solution to the nonequilibrium equation was compiled into 
a subroutine. In the subroutine, the drawdown was calculated at 
each observation point for each time period of constant well dis­
charge. The logical sequence of the subroutine is illustrated in 
the flowchart in Appendix IV-2.
The code repeats the above calculations for each pumping well. 
The combined effect from several wells was obtained by summing the
22
drawdowns from each well at a point. This procedure is based upon 
the principle of superposition, and results from the linearity of 
Equation 3.
To give the code more flexibility, a subroutine to compute 
drawdowns for anisotropic conditions was also created by me and my 
intern supervisor. To facilitate this computation, the coordinate 
system axes has to be oriented to correspond to the direction of 
maximum and minimum transmissivity. The following equations represent 
the solution by The is (1935) under anisotropic conditions:
s = Q__ ( -0.5772 - In u + I u " ) .........  (5)a t  r r
^ m— 1 n r * 1n=I n*n.
where,
"’ - V I  *1e ' max min )
1 ? l ■ ( T m=v • T , I T  , and
where,
T and T represent values of max m m  r
transmissivity along the principle
axis of the transmissivity tensor
2 -1(see Figure 4) L T , and
2 -1T = effective transmissivity, L T e
U_ = r2Sr 4Trt ............  (5b)
where,
T = T . T .r max + min
cos? 9 sin^Q = directional ... (5c) 
transmissivity, L2T’ \
where,
0 = angle from the major principle axis.
23
Elliptical Cone of Depression 
Showing Anisotropy
Figure 4
24
This subroutine is used to solve the nonequilibrium equation for 
the anisotropic case as shown in the flowchart in Appendix IV-2.
The documentation of the computer code involved the testing 
of several cases. Two cases are shown in Appendix IV-3a and IV-4.
The results for both cases were checked by manual computation of 
drawdown for each time period caused by each pumping well for all 
observation points. An example of the check is illustrated in 
Appendix IV-3b. The shape and trend of the time drawdown curve in 
Figure 5 illustrate the code computed drawdowns according to the 
theory of groundwater movement under the previously described 
conditions and assumptions.
The documentation of the anisotropic subroutine was accomplished 
by reproducing the results of the isotropic cases above. Due to time 
limitations, no further documentation was provided.
The computer code utilizing the nonequilibrium equation for 
groundwater movement is a useful tool for evaluating the drawdowns 
in a well field under the aforementioned simpifying assumptions. 
Analysis of well field conditions occurs frequently in a consulting 
groundwater firm. Thus, the code is not only a time saving tool, 
but it also provides a greater degree of accuracy than the hand 
calculations normally used.
25
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WELL FIELD DRAWDOWN ANALYSIS USING THE 
NONEQUILIBRIUM COMPUTER CODE
A study to locate additional wells in an existing well field 
was conducted for an electric power company by the firm. As new 
units of the power plant are installed more wells are needed to pro­
vide boiler-feed water with limits on the water quality.
A small but integral part of the study was the prediction 
of drawdown in and around the well field. The computation of the 
drawdowns was accomplished using the nonequilibrium computer code 
described in the previous section. The use of the nonequilibrium 
equation restricts the accuracy of the drawdown prediction because 
the assumptions that the water-bearing units were homogeneous, iso­
tropic and infinite in areal extend were not entirely fulfilled.
The transmissivity generally appears to increase from east to west 
through the well field. Also, the water-bearing unit decreases in 
thickness until it is very thin several miles east of the well field. 
The water-bearing unit exists under unconfined conditions and the 
amount of saturated thickness dewatered generally exceeds the range 
for which the nonequilibrium equation is valid (Jacob, 1950).
The first phase of this project was to determine the accuracy 
of the code when predicting drawdowns in existing wells, and to 
determine the applicable range for transmissivity and coefficient 
of storage. Pumpage data were obtained from the power plant personnel 
on a daily basis for seven months. This pumpage data was summed on
27
a monthly basis to yield the actual volume of water removed for the 
first four months. A constant pumping rate was chosen to remove 
the same volume of water during the computer code simulation. Like­
wise, a weekly pumpage rate was obtained to simulate the total volume 
of water removed over the last three months. The geometry of the 
well field was established and distances between wells for use in the 
code were established.
Initial runs of the computer code using the nonequilibrium 
equation were made. The code computed water level drawdowns at 
several points in the well field where field measurements were 
available. The results of these runs were presented to senior 
personnel in the firm. They selected the most reasonable aquifer 
parameters that reflected the field measurements. They chose a 
transmissivity of 20,000 gallons per day per foot and a storage 
coefficient of 0.15.
The second phase of the project involved use of the nonequilib­
rium code to predict drawdown in and around the well field due to 
the pumpage from existing and proposed wells. Nineteen wells 
currently exist in the well field, and 38 additional wells are planned 
to provide the required water supply for the three units of the power 
plant. Drawdowns were computed at 46 locations in and around the 
well field. The locations were selected to provide adequate coverage 
of the well field and an area covering five miles in all directions 
from the boundaries of the well field. The location of these observa­
tion points are shown in Figure 6.
Drawdowns at the 46 observation points were computed using
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the noneqirilibrium code with the following aquifer parameters:
1. Transmissivity = 10,000 gpd/ft, S = 0.10,
2. Transmissivity = 20,000 gpd/ft, S = 0.10,
3. Transmissivity = 20,000 gpd/ft, S = 0.15,
4. Transmissivity = 20,000 gpd/ft, S = 0.20, and
5. Transmissivity = 40,000 gpd/ft, S = 0.175.
The range of the computed drawdown for the sensitivity analysis is 
illustrated.
Based on the previously discussed analysis of aquifer parameters 
chosen by senior personnel, a transmissivity of 20,000 gpd/ft and a 
storage coefficient of 0.15 were used to obtain a time history of 
drawdown. The drawdowns were computed for 4, 9, 14, 24, and 39 years 
from the time of zero drawdown assumed to be at the beginning of 1979. 
The time drawdown distribution is shown in Figure 7.
The use of this code to predict drawdown in an unconfined 
aquifer limits the accuracy of the results. Equation 3 becomes non­
linear because the transmissivity is a function of hydraulic head, 
and has the following form:
5 _ ,  T «h u  T_ fih _ . 6h ...........  (6)
fir ' fir ' r fir " 5 fir
where,
h = hydraulic head, L,
S = storage coefficient, and
2 -1T = transmissivity, L T .
The use of Equation 3 to predict water level drawdowns v/as shown 
by Jacob (1950) to be valid when the drawdown is small compared to
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saturated thickness and storage coefficient is replaced by specific 
yield. Walton (1960) illustrated that flow in an unconfined aquifer 
has three distinct regimes. The first is the "elastic" response 
of the formation to pumpage. The flow responds in the same manner 
as it would in a confined aquifer. The "elastic" response only lasts 
for a short time. The second flow regime is unique to unconfined 
aquifers. The slope of the time-drawdown curve is generally more flat. 
Gravity drainage dominates during this time. Finally, the flow 
responds to pumpage as it does in a confined aquifer. The flow 
pattern will continue for the duration of the pumping cycle. Because 
of the long pumping time used in the well field drawdown analysis, 
the prediction of drawdown using the nonequilibrium equation assumes 
the system to be linear. The principle of superposition used in the 
code is valid for this test, and the use of image well theory will 
hold.
A more sophisticated analysis could be achieved given more time 
and financial resources. A finite difference computer code could 
be used to solve Equation 6 without relaxing the nonlinearity of the 
equation. The U.S. Geological Survey has available a two-dimensional 
finite difference code that would be a good tool for solving this 
problem.
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PUMPING TEST ANALYSIS
Regulation of groundwater is becoming more prevalent as many 
states strive to control the use of their natural resources. To 
accomplish water conservation, one southeastern state requires con­
sumptive use permits for the withdrawal of groundwater. The burden 
of proving the nondamaging effects of groundwater withdrawal lies 
with the applicant.
The firm's client, a phosphate mining company, requires the 
use of groundwater and, thus, the need for consumptive use permits.
As an integral part of making application for consumptive use permits, 
an analysis of pumping test data was needed to determine the aquifer 
parameters.
An understanding of the basic geology of the area was needed 
before the technical analysis of any pumping test commenced. The 
major water-bearing aquifer in this region is a massive, cavernous 
limestone on the order of 1000 feet thick. The aquifer is overlain 
by a clay layer that separates the massive aquifer from other water­
bearing formations nearer the surface.
The client requested a reanalysis of an old pumping test 
conducted several years before by another consulting engineering firm. 
This pumping test was analyzed by several federal and county agencies 
and consulting firms. All of these groups computed essentially the 
same values of transmissivity and storage coefficient. They also 
computed a value of leakage to the massive aquifer through the clay
33
layer from the other water-bearing formations.
The massive aquifer is confined and extremely prolific. The 
transmissivity for the aquifer is generally known to be on the order 
of 500,000 gallons per day per foot with a coefficient of storage of 
about 0.001. Because of the large transmissivity, the effects of 
any pumpage several miles from the test site would influence the results 
of the test. Prior to the beginning of the test, water levels in 
observation wells located approximately 10 to 20 miles from the test 
site were measured and recorded. These water levels were measured 
for several weeks prior to the start of the pumping test, and they 
were plotted to illustrate any background trend caused by other 
pumpage in the area. From this analysis, an average background 
trend of about 0.057 feet per day was estimated.
The actual pumping test was run continuously at a rate of 3,480 
gallons per minute for ten days. The resulting drawdown data from 
two wells located 100 feet and 500 feet from the pumped well were 
corrected for background trend. A time-drawdown graph of the corrected 
data was plotted as shown in Figures 8 and 9.
Each of the various agencies and firms that analyzed this 
pumping test estimated a value for leakage all of which varied only 
slightly. However, if leakage were present, the time-drawdown graph 
would tend toward a zero slope eventually reaching equilibrium when the 
leakage from other zones would supply the water demand. A time-draw- 
down curve illustrating the equilibrium condition which occurs with 
leakage is also shown in Figures 8 and 9.
The pumping test was conducted in an area where the aquifer
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parameters such as transmissivity, storage coefficient, and leakage 
were generally known to the correct order of magnitude. The several 
groups that analyzed these tests appeared to fit the parameters to 
the data disregarding the physical response that the data illustrated 
as shown by the time-drawdown curve. The importance of a complete 
analysis rather than a "cookbook" approach was illustrated during 
this project. However, in defense of these groups, their method 
of solution was not known to me, and the only means by which 
criticism is justified is on the basis of the above analysis.
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THREE-DIMENSIONAL GROUNDWATER MODELING
In a few localized parts of the country, withdrawal of large 
amounts of groundwater has caused the land surface to subside. In 
Texas, extensive removal of groundwater has created such subsidence 
problems along the Gulf Coast near Houston. The Texas Legislature 
has created the Harris-Galveston Counties Subsidence District to 
control subsidence by regulating groundwater withdrawal in Harris 
and Galveston counties.
The U.S. Geological Survey has developed a model of the ground­
water system for the entire Gulf Coast region of Texas. The model 
along with a three-dimenisonal finite difference computer code was 
used to predict land surface subsidence by computing water level 
drawdowns due to groundwater withdrawal. The results would assist 
them in issuing permits and limiting pumpage in the region. Ideally, 
permitted pumpage will control the amount of land surface subsidence 
in a given area.
The model developed by the U.S. Geological Survey consisted 
of five layers representing three aquifers and two clay zones in the 
Houston area. The first layer, the deepest, is the Evangeline aquifer 
composed of very fine to medium quartz sand. The next layer, in 
ascending order of depth, is a clay bed that is semi permeable. The 
third layer is the Chicot aquifer composed of fine to course sand.
The fourth layer is another semi permeable clay layer. The last layer 
is a water table aquifer composed of sand. The subsurface geology 
in the Houston area is comprised of quartz sand with interbedded clays.
38
The schematic shown in Figure 10 illustrates the thickness selected 
for each layer by the U.S. Geological Survey.
The initial aspect of this project was to evaluate the aquifer 
parameters for each of the layers. The basis for accomplishing this 
task was to contour the data by use of a digital computer. Trans­
missivity and storage coefficient of the two aquifers, hydraulic 
conductivity and specific storage of the two clay layers, thickness 
of all layers, and the effective leakage between each layer were 
contoured. Because the system was modeled using a finite difference 
grid of nonuniform grid spacing, special problems existed for using 
the computer contouring program. The contouring routine required 
that the grid spacing be uniform. A computer code to interpolate 
data from a nonuniform grid system was used. The interpolated data 
were used to establish the proper format and descriptive parameters 
for use in the contouring code.
The effective leakage used in the code to predict the leakance 
between layers required more detailed analysis for understanding 
the model data. From Figure 11 and Darcy's Law, flow from the center 
of the grid to the boundary is as follows:
Ql = K.j A h-| - h
Az]/2 ............ (7)
where,
Q-j = flow rate, L^T"\
K-j = hydraulic conductivity, LT’\
2A = cross sectional area, L , 
h-j = hydraulic head at the center
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Schematic of Flow Between Finite Difference Grids
Figure 11
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grid, L,
a z-j = thickness of grid 1, L, and 
h = hydraulic head at the boundary,
L.
Likewise, the flow from the boundary to the center of an adjoining 
grid is as follows:
Q2 = K2 A h - h2 ...........  (8)
( A y i y
The flow from the center of one grid to the center of the adjoining 
grid follows as:
Q = Ke A h1 - h2 ............ (9)
AZ-j + Z^2 
~  ~2~
where,
Kg = equivalent hydraulic conductivity 
of the two layers, LT”^.
Assuming steady state uniform flow across the boundary so that 
Ql = Q2 = Q and combining Equations 6 and 7 yields:
Ke = k i k2 ( a z 1 + AZ2 ) ............................. ( 1 0 j
K-|AZ2 + K2AZ^
Substituting Kg in Equation 8 yields:
q = 2 K1K2 A (h, - h„) ............ (11)
K,iz2 + K2a z,
The term 2K-jK2 is known as the harmonic mean of the hydraulic
K^a z 2+K2a z -j
conductivity. This term is read into the code to model leakage and 
it is known as the TK Matrix in the code. Thus, the TK Matrix
42
represents a form of effective leakage that was contoured.
After the contouring of the aquifer parameters was completed 
and a better understanding of the model was gained, the code was run 
using these model data and included proposed pumpage in the grids for 
the new well fields. Each proposed well field and pumpage were run 
separately to ascertain the effects of each independently. A time- 
drawdown curve illustrating one of the runs is shown in Figure 12. 
These runs were made to obtain the effects of each proposed well 
field and to check the validity of the model.
The project provided valuable experience in the use of 
computerized data contouring and manipulation. Insight into the 
process of evaluating complex computer codes for productive use 
was gained. More importantly, however, was the experience gained 
from the interactions with the U.S. Geological Survey and the 
political ramifications involved with that interaction. During 
the course of the evaluation and contouring of the data, several 
errors between the data and the published report describing the 
model and data were found. Because of the potential socio-economic 
impact of this governmental project, the immediate correction of 
these errors was imperative.
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SALT WATER/FRESH WATER INTERFACE MODEL
Salt water intrusion into the fresh water supply of coastal 
areas is a problem of growing concern. As fresh groundwater is 
withdrawn, salt water replaces the withdrawn fresh water. Various 
governmental agencies are analyzing the problem. To control salt 
water intrusion, they are limiting the amount of water to be pumped 
from an area over time. In addition to government interest, private 
industries, which rely heavily on the use of groundwater, are 
concerned with the potential threat to a valuable natural resource. 
Because of these concerns about salt water encroachment, both 
industry and government are studying ways to alleviate the problem 
and there by meet future water demands.
The client, a phosphate mining company, required large amounts 
of groundwater in the phosphate extraction process. They were 
interested in an evaluation of the regional effects of all major 
sources of pumpage on the movement of the salt water/fresh water 
interface.
The salt water and fresh water will mix together forming a 
broad interface of varying salt concentrations throughout the 
interface. To simplify the problem, the interface was assumed to 
be sharp with no mixing. Thus, the salt water and fresh water were 
assumed to be immiscible.
As with any groundwater model, results are only as good as 
the aquifer parameters that describe the system. The model and the
45
code used to simulate the system were obtained from the U.S.
Geological Survey. Thus, analysis of the model parameters was 
imperative to the project.
The model parameters were contoured to better visualize and 
understand the formulation of the model. As with the previously 
described groundwater movement model, the model data were contoured 
from a nonuniform finite difference grid. The nonuniform grid 
containing the model data was transformed into a uniform grid by 
computer interpolation of the data. The interpolated data were then 
arranged into the proper sequence with the appropiate descriptors 
for input into the contouring code.
After the data were contoured and analyzed, the code and model 
were ready for use. The code, using the model data and historical 
pumpage, was run until the model reached steady state. The resulting 
potentiometric surface and the location of the salt water/fresh 
water interface were saved for the final runs.
To predict the movement of the salt water/fresh water inter­
face, the total regional pumpage was divided into irrigation, 
municipal, existing mine, and proposed mine pumpage groups. The 
proposed mine pumpage included all the phosphate mine pumpage that 
is not currently being used but is permitted. The four cases 
included the following combinations of the above pumpage as follows:
1. Existing mine pumpage,
2. Existing and proposed mine pumpage,
3. Existing mine, irrigation, and municipal 
pumpage, and
46
4. Existing and proposed mine, irrigation and 
municipal pumpage.
The main objective of this assignment was to establish the 
data for the four cases of pumpage for use in the code. The pumpage 
data were divided into several groups consisting of several years 
of pumpage for each of the four cases mentioned above. The pumping 
rates assigned were based on an equivalent volume of annual water 
withdrawn. Each group, therefore, contained several years of 
approximately the same amount of pumpage, thus eliminating the need 
to use yearly pumpage. Without this feature, the cost of using the 
code with the yearly pumpage data would have been prohibitive to the 
project.
A consultant, the author of the salt water/fresh water inter­
face code, was retained to assist in using the code and interpreting 
the results. The above four cases were run by the consultant with 
assistance from me. An example from one of the runs shows the toe 
of the salt water interface progressing inland (Figure 13).
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SUMMARY AND CONCLUSIONS
The Doctor of Engineering internship provided a challenging 
and enlightening experience. The internship was an avenue for me 
to gain experience as a graduate engineer for the first time outside 
academia. If nothing else was gained, the "real world" experience 
was well worth the time and effort expended.
The internship was with a small consulting engineering firm 
specializing in groundwater hydrology. The consulting engineer faces 
many problems that are not covered nor protected by the shields of 
government or large corporate business. The consulting engineer 
must always strive for excellence by going that "extra mile" to 
obtain and present solutions for all problems that he undertakes.
Time and money constraints were of utmost importance, and they had 
to be dealt with efficiently. I faced these constraints daily gaining 
a broader appreciation for the limits imposed in the business community. 
Problems of interest arose several times that were not within the scope 
of the project. These problems were left unanswered because of these 
limiting constraints.
The interaction between me and the many different people of 
governmental agencies and private enterprises provided interesting, 
troublesome, and at times comic problems in the quest for an 
engineering solution. This exposure in dealing with people from 
broad and various backgrounds gave me a better understanding of the 
complexities of obtaining a sound engineering solution.
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The size of the firm did not allow me to be involved in the 
management, economic, and financial analysis of the projects in the 
firm. The ideal internship would include at least an exposure 
to this side of engineering management. However, I gained experience 
in the economic and financial aspects of a portion of the projects.
Generally, the internship experience provided a firm foundation 
on which to build a successful career as a professional engineer.
Even though many skills were tapped, I learned the value of utilizing 
my current skills and developing new ones in order to accomplish the 
goals of the firm.
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APPENDIX III-l 
Derivation of the Gradient Vector 
The gradient vector comprises the magnitude and direction 
of the gradient at the leach mine. The schematic of the leach mine 
and the observation points used to evaluate the gradient vector are 
illustrated in Figure 14. Using the physical layout of the leach 
mine system the gradient vector was derived as follows:
h_ = hl + h2 ........................................  III-l
a — 2 ~
hL = h2 + h4 ....................................... 111-2
b ---- 2----
h. = h3 + h4 ....................................... 111-3
c ----2----
hJ = hl + h3 ....................................... 111-4
d --- 2---
where,
h = average hydraulic head at point a, L, a
h^ = average hydraulic head at point b, L, 
hc = average hydraulic head at point c, L, 
h^ = average hydraulic head at point d, L, 
h-| = hydraulic head at point 1, L, 
h2 = hydraulic head at point 2, L, 
hg = hydraulic head at point 3, L, 
h^ = hydraulic head at point 4, L.
The i-component and j-component of the velocity vector was computed 
using the average hydraulic heads as follows:
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where,
G.j = magnitude of the gradient vector ii 
the i-direction, LL”\
G. = magnitude of the gradient vector ii 
the j-direction, LL"\ 
i and j = mutually prependicular coordinate 
axes,
xbd = distance between points b and d, L 
x = distance between points a and c, LdC
The resulting gradient vector is as follows:
5 = (G.2 + G.2 ) 1/2 ............
* J
where,
5 = gradient vector at leach mine, LL”^
111-5 
111-6
and 
111-7
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APPENDIX IV-1 
Flow Chart for the Nonequilibrium Equation
Assign time for each 
Pumping Period
Assign Pumping Rate 
for each Pumping Period
Calculate Radius From 
Pumping Well. If Well 
is Pumping, R=1
Call DRAWDN
Has Drawdown Been 
Calculated for al1 
Wells Specified?
Yes
(star?)
Is System 
Isotropic?
No No
Print Results
Assign time for each 
Pumping Period
Assign Pumping Rate 
for each Pumping Period
Calculate Radius From 
Pumping Well. If Wei 1 
is Pumping, R=1
Call ANISO
Has Drawdown Been 
Calculated for all 
Wells Specified?
Yes
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APPENDIX IV-2
Flow Chart to Compute Drawdown Under 
Isotropic (U) and Anisotropic (UR) Conditions
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APPENDIX IV-3a
Water Level Drawdown 
In a Homogeneous Confined Aquifer
Start of Pumping
Total Number of Pumping Periods
Transmissivity (gpd/ft)
Storage Coefficient
Total Number of Pumping Wells
December 1979 
6
40000.
0.15000
1
Pumping Wells
Well
No.
1
Coordinates (ft) 
X Y 30.
0. 0. 1000
60.
0
Average Pumping
Elapsed Time (days) 
90. 120. 127
500 250 750
Computed Water Level Drawdowns On Observations Wells (ft)
Well Coordinates (ft)
No. X Y 30. 60.
2 2830. 2830. 0.01 0.15
Elapsed Time (days) 
90. 120. 127.
0.26 0.36 0.38
134.
1500
134.
0.40
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APPENDIX IV-3b
Check Computations for 
Results in Appendix IV-3a
Time, days 30 60 90 120 127 134
Drawdown,
Feet 0.015 0.167 0.420 0.701 0.766 0.831
-0.015 -0.167 -0.420 -0.485 -0.550
0.152 0.007 0.084 o . m 0.140
0.260 -0.004 -0.009 -0.017
0.361 0.000 0.000
0.383 0.000
0.404
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APPENDIX IV-4
Water Level Drawdown 
In A Homogeneous Confined Aquifer
Start of Pumping = 21 June 1979
Total Number of Pumping Periods = 3
X-Transmissivity (gpd/ft) = 50000.
Y-Transmissivity (gpd/ft) = 50000.
Storage Coefficient = 0.00100
Total Number of Pumping Wells = 1
Pumping Wells Average Pumping
Well Coordinates (ft) Elapsed Time (days)
No. X Y 10 30 45
1 1000. 2000. 1000. 0 500.
Computed Water Level Drawdowns On Observation Wells (ft)
Well Coordinates (ft) Elapsed Time (days)
No. X Y 10 30 45
1 1000. 2000. 43.15 0.92 22.61
2 600. 2250. 14.93 0.92 8.50
3 100. 1300. 10.89 0.92 6.48
4 1050. 1000. 11.48 0.92 6.78
5 1500. 2300. 13.96 0.92 8.02
6 900. 3200. 10.64 0.92 6.36
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